Objective: Obesity is associated with a chronic low-grade inflammation and an increased abundance of macrophages in adipose tissue. Adipose tissue macrophages (ATMs) are assumed to interfere with adipocyte function leading to insulin resistance, thereby contributing to the pathogenesis of type 2 diabetes mellitus. Macrophages exist in separate types of differentiation, but the nature of ATMs is largely unknown. Design and measurements: Stromal vascular cells (SVCs) and ATMs were isolated from human adipose tissues from different locations. We characterized ATMs phenotypically and functionally by flow cytometry, endocytosis assay and determination of secreted cytokines. For comparison, we used macrophages of the 'classical' (M1) and the 'alternative', anti-inflammatory (M2) type differentiated in vitro from peripheral blood monocytes. Results: Like prototypic M2 macrophages, ATMs expressed considerable amounts of mannose receptor, haemoglobin scavenger receptor CD163 and integrin avb5. The number of cells expressing these molecules correlated significantly with the donors' body mass indices (BMIs). Notably, SVCs positive for the common monocyte/macrophage marker CD14 contained a considerable fraction of blood monocytes, the abundance of which did not correlate with the BMIs, pointing to the requirement of the surface markers identified here for the identification of ATMs. ATMs showed endocytic activities similar to M2 macrophages and accordingly secreted high amounts of IL-10 and IL-1 receptor antagonist. However, basal and induced secretion of pro-inflammatory mediators TNF-a, IL-6, IL-1, MCP-1 and MIP-1a was even higher in ATMs than in proinflammatory M1 macrophages. Conclusion: ATMs comprise a particular macrophage type that is M2-like by surface marker expression, but they are competent to produce extensive amounts of inflammatory cytokines, which could considerably contribute to the development of insulin resistance.
Introduction
Obesity is associated with a chronic low-grade inflammation that predisposes to insulin resistance and development of type 2 diabetes. 1 These chronic inflammatory alterations are associated with increased abundance of macrophages in adipose tissue (AT). [2] [3] [4] Adipose tissue macrophages (ATMs)
probably interfere with adipocyte function by secreting cytokines such as interleukin (IL)-1b, IL-6 and tumour necrosis factor-a (TNF-a). [5] [6] [7] [8] Since adipocyte function is an important factor for systemic insulin sensitivity, 9 ATMs appear to contribute critically to the pathogenesis of type 2 diabetes mellitus and the metabolic syndrome. However, molecular details underlying the insulin desensitizing effects of ATMs are unresolved yet, 10 since the nature of ATMs has remained largely unknown so far. Macrophages are classically stimulated by interferon-g (IFN-g) alone or in combination with lipopolysaccharide (LPS), produce inflammatory cytokines (e.g., IL-1, IL-6, TNF-a) and are capable of inducing Th1-polarized T-cell responses.
This concept of macrophage activation has recently been expanded by observations that depending on the type of stimuli such as cytokines and microbial products, macrophages exert unique functional properties and polarize into specialized cell types. 11 According to a widely used classification, we refer to classically IFN-g/LPS-activated macrophages as M1 and alternatively activated macrophages, which can be induced by IL-4 and IL-13 as M2. 12 Also IL-10 induces M2
macrophages, but these cells clearly differ from prototypic M2 macrophages activated by IL-4 or IL-13. 11, 12 Importantly, M1 and M2 are regarded as only two extremes of a continuum of functional stages of macrophages. 11, 12 M2 macrophages appear to play a role in tissue repair and parasite defence, 13, 14 but exert poor anti-bacterial killing activity. 15 The molecular repertoire of M2 macrophages includes proteins that are expressed at very low levels by classically activated macrophages (M1) including the IL-1 receptor antagonist (IL-1Ra), IL-10 and the mannose receptor (MR) that is involved in the uptake of mannose-containing particles. 12, 16, 17 Interestingly, tumour-associated macrophages resemble M2 cells and can even promote tumour progression and metastasis indicating a close pathophysiological interaction between infiltrating M2 macrophages and surrounding cells of the tissue proper. 12 To understand the role of macrophages in obesityassociated AT inflammation, we characterized in detail the macrophage type that predominates in AT. Although ATMs resembled M2 macrophages phenotypically by surface expression of MR, CD163 and integrin avb5, their endocytic activity and production anti-inflammatory cytokines (IL-10, IL-1Ra), ATMs turned out to represent a unique type of macrophages that also secrete large amounts of pro-inflammatory cytokines. Through these cytokines, macrophages are supposed to interfere with adipocyte function and insulin sensitivity. Our data also implicated that CD14 alone is not sufficient for identifying ATMs, and only CD14 pos that also express a M2 marker (i.e., CD14 pos MR pos cells) should be referred to as ATMs.
Research methods and procedures

ATM isolation
Subcutaneous AT was obtained from patients undergoing reductional plastic surgery (four breast and 10 abdomen). Omental AT was obtained from organ donors (n ¼ 6) and in two cases, additionally subcutaneous AT was obtained from identical donors. Exclusion criteria were diabetes mellitus and other relevant metabolic and/or acute inflammatory diseases. Visible vessels and connective tissues were carefully removed and AT was cut into pieces, extensively washed in PBS and digested for 1 h with 35 mg/ml liberase 3 (Roche; Mannheim, Germany) and 50 U/ml DNAse I (Sigma-Aldrich, St Louis, MO, USA). The digested tissue was passed through 70 mm mesh filters and centrifuged to obtain the stromal vascular cell (SVC) fraction. Isolation of blood monocytes, generation of M1 and M2 For isolation of peripheral blood monocytes (PBMs), buffy coats from healthy donors were subjected to density gradient centrifugation using Ficoll Paque Plus (Amersham Biosciences, Uppsala, Sweden) and from the mononuclear cell fraction CD14 pos cells, referred to as PBMs, and were separated by MACS. M1, M2(IL-4) and M2(IL-10) macrophages were generated in vitro according to the literature [18] [19] [20] by incubation of PBMs in 1000 U/ml IFN-g, 10 ng/ml IL-4 and 10 ng/ml IL-10 (all R&D Systems, Minneapolis, MN, USA), respectively, for 5-6 days in culture medium (RPMI 1640 supplemented with 2 mM L-glutamine, 50 mg/ml streptomycin, 50 U/ml penicillin (all Invitrogen, Carlsbad, CA, USA) and 10% fetal calf serum (Hyclone; Logan, UT, USA)). Before further analyses, cells were treated with liberase and DNAse as described for SVC isolation to allow comparisons with ATderived cells. We observed an influence of the digest on surface expression of human leucocyte antigen-D region (HLA-DR), CD11b and CD11c that were increased by about 1.5-fold compared with untreated cells; and of CD51, CD163, CD36 and CD31, the expression of which was decreased to about 50% (data not shown).
Flow cytometry
Cells were stained for multi-colour immunofluorescence analysis by dye-labelled antibodies according to standard ) were incubated in 100 ml in culture medium including fluorescein isothiocyanate (FITC)-labelled dextran (MR 40 000, Sigma) and lucifer yellow (Sigma), respectively, both at a concentration of 1 mg/ml. After an incubation period of 90 min at 37 and 41C, for active uptake and background values, respectively, cells were washed five times with ice-cold PBS and analyzed on a FACS Calibur.
Cell stimulation and quantitation of protein secretion For stimulation, 50 000 cells per well of a 96-well plate were incubated for 2 days at 371C in 200 ml culture medium with 100 ng/ml IFN-g (R&D Systems), 100 ng/ml LPS ( Sigma) and 25 ng/ml TNF-a (all R&D Systems). Cell-free supernatants were assayed for IL-Ra using an ELISA kit (R&D Systems). IL-10, TNF-a, IL-6, IL-1b, MCP-1, MIP1-a and RANTES were determined simultaneously using Human Fluorokine MultiAnalyte Profiling Kits (R&D Systems) and the Luminex 100 IS system according to the manufacturer's instructions.
Statistics
All values are given in mean7s.e. For correlation analyses, two-tailed Pearson's or Spearman's correlation coefficient and multiple linear regression with log-transformed cell numbers were calculated as appropriate. A P-value o0.05 was regarded as statistically significant.
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Results
Discriminating ATMs from contaminating blood monocytes by MR expression To characterize ATMs, we isolated the SVC fraction from AT and subjected it to multi-colour flow cytometric analysis. The cell population expressing the monocyte/macrophage marker CD14, which is usually taken for macrophages infiltrating AT, could be separated into two subpopulations: one negative in MR expression and one expressing MR to a very high extent (Figure 1a The phenotype of ATMs is M2-like and independent of AT location Flow cytometric determination of a large panel of M1 and M2 macrophage marker molecules revealed that, besides CD14 and MR, ATMs highly expressed the haemoglobin scavenger receptor CD163 and the integrin avb5 as well as considerable amounts of DC-Sign (CD209), a C-type lectin on macrophages, 22, 23 and the anti-inflammatory signalling receptor OX-2 (CD200). 24 All these molecules were expressed on macrophages differentiated from PBM in vitro by culture with IL-4 (M2 (IL-4) ) and/or IL-10 (M2(IL-10)), but only at negligible amounts on M1 macrophages ( Figure 2 and Table 1 ). We found no phenotypical difference in ATMs from different AT locations (Figure 2 and Supplementary ATMs are M2-like but pro-inflammatory M Zeyda et al Figure 2 ). Hence Table 1 summarizes pooled results from all AT sites studied. Notably, there were no significant correlations of any surface molecule expression with BMI within the ATM population (data not shown). Whereas the scavenger receptor CD36 was markedly expressed on all investigated cell types and including ATMs, the M1 macrophage marker molecules involved in T-cell costimulation, that is CD40, CD80 and CD86, were only expressed to a negligible extent in ATMs (Table 1) . ATMs expressed moderate amounts of HLA-DR but considerable amounts of the lipid antigen-presenting molecules CD1b and CD1c (Table 1) , whereas CD1a was not expressed nor were Fc receptors CD16, FceRIl and CD83 markers for neutrophils, basophils/mast cells and dendritic cells, respectively (not shown). Expression of the adhesion molecules CD11c (aX integrin), CD31 (PECAM-1) and CD44 was generally low and comparable to that from PBM (Table 1) , and CD11a (LFA-1a) was not expressed (not shown). In contrast, ATMs highly expressed integrin av (CD51), and in particular, the heterodimer avb5 (Table 1) . Thus, by immunophenotyping ATMs closely resemble IL-4 and IL-10-differentiated M2 macrophages.
ATMs are highly active in receptor-mediated endocytosis and macropinocytosis Macrophages are capable of particle and fluid-phase uptake by receptor-mediated endocytosis and macropinocyosis, ATMs are M2-like but pro-inflammatory M Zeyda et al respectively, which occur via separate pathways. 25 Receptormediated uptake determined by FITC-dextran was high in ATMs similar to both M2 macrophages, whereas macropinocytosis as assessed by lucifer yellow uptake was high in ATMs and M2(IL-10) (Figure 3) . Hence, ATMs show high phagocytic activities similar to IL-10-induced M2 macrophages.
ATMs produce high amounts of anti-and pro-inflammatory cytokines. To determine the inflammatory mediator secretion pattern of ATMs we stimulated CD14 pos cells from subcutaneous AT, and in vitro-differentiated M1 and M2 macrophages with IFN-g, LPS and TNF-a, and analyzed cytokine secretion into the culture medium. Since the purity was only approximately 80% CD14 pos cells, the CD14-depleted SVC (dSVC) fraction was included in this analysis to assess a possible influence of CD14 neg -contaminating cells. Since only IL-6, MCP-1 and MIP1-a were produced by the dSVC fraction in significant amounts (Figures 4 and 5) , production of the investigated cytokines by CD14 neg cells can be disregarded in most instances. ATMs produced the anti-inflammatory cytokines IL-10 and IL-1Ra (Figure 4) . Whereas unstimulated and stimulated IL-10 secretion by far exceeded that from the other cell types studied, production of IL-1Ra was similar to M1 and M2 macrophages (Figure 4 ).
ATMs additionally produced large amounts of the proinflammatory TNF-a, IL-1b, IL-6, MCP-1 (Ccl-2) and MIP-1a (Ccl-3), but not RANTES (Ccl-5). In contrast, M2 macrophages generally produced low amounts of pro-inflammatory mediators with the exception of chemokines and MCP-1 in particular, which was highly produced by unstimulated IL-10-induced M2 macrophages ( Figure 5 ). Even the basal expression of TNF-a and IL-6 was markedly higher in ATMs than in M1 macrophages. Remarkably, although ATMs were in general only weakly stimulated by LPS and did not respond to TNF-a, ATMs responded uniquely to IFN-g with increased TNF-a, MCP-1 and MIP-1a secretion ( Figure 5 ). Hence, ATMs not only produce anti-inflammatory IL-10 and IL-1Ra but also pro-inflammatory mediators at high basal rates and beyond, which have the potential to be activated further.
Discussion
Macrophage infiltration is a characteristic of obesity-associated AT inflammation that appears to contribute crucially to systemic inflammation, insulin resistance and diabetes development in obese patients. Understanding the phenotype and nature of the human ATM is an important piece of information outcome of this study, human M2 macrophages were for the first time thoroughly analyzed regarding surface protein expression thus corroborating other studies mainly investigating gene expression and/or murine cells. 11, 12, 16, 29, 30 Surface marker characteristics of ATMs are important not only for their quantification but also for their isolation to be used in in vitro experiments, for example, to investigate the cellular source of adipokines and chemokines. 27, 31 So far, only CD31 and CD45 have been shown to be expressed on the surface of human CD14 pos cells derived from the AT. 26 However, CD45 is expressed on all haematopoietic cells and CD31 is expressed to a similar extent on ATMs and PBMs. Therefore, these markers do not reliably identify ATMs, particularly in preparations from visceral tissue that we found to be highly contaminated with PBMs, the abundance of which does not correlate with BMI ( Figure 1b, Supplementary Figure 1) . Recently, A.R. Saltiel and colleagues 32 have suggested CD11c as a marker for obesity-associated inflammatory (M1) ATMs in murine AT. However, human ATMs express CD11c at relatively low levels ( corroborate our findings of a rather homogenous ATM population in human AT. The phenotype of ATMs described here (expression of MR, CD163, integrin avb5, CD209, CD200, CD1b and CD1c; Figure 2 and Table 1 ), resembles that of M2 macrophages. This finding is in line with the shown high-fat feedinginduced increase in AT gene expression of the typical M2 markers arginase and IL-1Ra. 34 Although there were more similarities to IL-4-induced than to IL-10-induced M2 macrophages, the ATM phenotype cannot clearly be designated to one of these in vitro-differentiated cells. The question of which factors in the AT are responsible for induction of this peculiar phenotype remains open, since we could not detect M2 stimulators IL-4 or IL-13 in murine AT, in contrast to IL-10, which is highly expressed by human and murine ATMs themselves ( Figure 4 and data not shown).
Functionally, the high expression of scavenger receptors and the MR, together with the high endocytic activity (Figure 5 ), implicates a role of ATMs in uptake of lipids and lipoproteins, apoptotic cells, 35 haemoglobin, 36 and glycoproteins. 17 The high scavenging activity of ATMs supports the idea that the obesity-induced recruitment of macrophages into AT is due to an increased abundance of necrotic-like adipocytes that need to be removed by ATMs. 21 CD163 (also assigned as the RM3/1 antigen) was originally described as a surface marker found during the downregulation phase of inflammation 37 and CD163-dependent haemoglobin uptake results in metabolites that drive an anti-inflammatory programme. 36 Thus the described phenotype fits well to ATM's excessive IL-10 and IL-Ra production. 38 In contrast to surface marker expression corresponding to anti-inflammatory M2-like cells, the large amounts of proinflammatory cytokines secreted by ATMs (Figure 5 ), in contrast to typical M2 macrophages, 39 support a role of ATMs in obesity-induced adipocyte dysfunction and metabolic disorders, although IL-Ra also may contribute to the onset of insulin resistance. 40 The high basal cytokine production of ATMs shown in this study does not necessarily imply that unstimulated ATMs secrete these large amounts of cytokines in situ, since ATMs could have been stimulated during their isolation and cultivation. However, our data reveal that ATMs have the capacity to produce large amounts of cytokines and that they are responsive to Toll-like receptor ligands and cytokines such as LPS and IFN-g ( Figure 5 ). Recently, it has been shown in mice that a high-fat diet shifted cytokine expression of ATMs from M2-to M1-like by decreasing IL-10 and increasing TNF-a expression. 32 We could not detect any correlation between the BMI and ATM phenotype or cytokine production in our crosssectional study in a limited number of individuals. Although weight reduction appears to promote occurrence of M2-like macrophages, 41 it remains to be elucidated whether diet-or obesity-induced changes in the M1/M2 phenotype and cytokine expression profile occur also in human ATMs.
In conclusion, ATMs are M2-like cells characterized by high expression MR, CD163, integrin avb5, CD209, CD200, CD1b and CD1c. These markers should be used in combination with a monocytic cell marker, for example CD14, to determine ATM numbers and to isolate them for functional investigations. By producing extensive amounts of ATMs are M2-like but pro-inflammatory M Zeyda et al pro-inflammatory cytokines, ATMs could considerably contribute to the development of obesity-associated insulin resistance and type 2 diabetes, but the specific mechanisms driving the interference with adipocyte function as well as the excessive recruitment of macrophages into AT in obese patients remain to be elucidated. Importantly, ATMs as defined here represent a characteristic and homogenous cell type whose phenotype does not change by AT location or BMI, suggesting that the ATM is a physiological cell that becomes detrimental in obesity owing to increased abundance and/or a yet unidentified mode of activation.
